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SurfactantPolymer microspheres for controlled release of therapeutic protein fromwithin an implantable scaffold were pro-
duced and analysed using complimentary techniques to probe the surface and bulk chemistry of themicrospheres.
Timeof Flight – Secondary IonMass Spectrometry (ToF-SIMS) surface analysis revealed a thin discontinuousﬁlmof
polyvinyl alcohol (PVA) surfactant (circa 4.5 nm thick) at the surfacewhichwas readily removed under sputtering
with C60. Atomic Force Microscopy (AFM) imaging of microspheres before and after sputtering conﬁrmed that the
PVA layerwas removed after sputtering revealing poly(lactic-co-glycolic) acid(PLGA). Scanning electronmicrosco-
py showed the spheres to be smooth with some shallow and generally circular depressions, often with pores in
their central region. The occurrence of the protein at the surface was limited to areas surrounding these surface
pores. This surface protein distribution is believed to be related to a burst release of the protein on dissolution.
Analysis of the bulk properties of the microspheres by confocal Raman mapping revealed the 3D distribution of
the protein showing large voids within the pores. Protein was found to be adsorbed at the interface with the
PLGA oil phase following deposition on evaporation of the solvent. Protein was also observed concentratedwithin
pores measuring approximately 2 μm across. The presence of protein in large voids and concentrated pores was
further scrutinised by ToF-SIMS of sectioned microspheres. This paper demonstrates that important information
for optimisation of such complex bioformulations, including anunderstanding of the release proﬁle can be revealed
by complementary surface and bulk analysis allowing optimisation of the therapeutic effect of such formulations.
© 2012 Published by Elsevier B.V. Open access under CC BY license.1. Introduction
In recent years there has been an increase in the availability and
development of protein and peptide controlled release therapeutics,
such as microspheres for sustained perenteral delivery [1–5]. Applica-
tions of such systems include vaccination [2,6–8] and drug delivery
[9–13], for periods of up to 6 months. Understanding the surface
and the bulk chemical composition of such microspheres can provide
signiﬁcant insight into the production process and may also contrib-
ute to an understanding of the involvement of micro and nanostruc-
ture in drug release.
The work presented is concerned with a thorough physical and
chemical characterisation of both the surface and bulk of a protein
loaded PLGA microsphere formulation with a range of complementa-
ry techniques. The technique of Time of Flight – Secondary Ion
Mass Spectrometry (ToF-SIMS) has been extensively used to study: +44 115 846 7696.
.C. Davies).
s under CC BY license.pharmaceutical systems [14–19]. The utility of ToF-SIMS arises from
the ability to provide high speciﬁcity chemical information with
good depth resolution (~1–2 nm). Atomic Force Microscopy (AFM)
is a complementary technique to ToF-SIMS providing nanometre spa-
tial resolution of the surface topography which has been previously
been applied to microspheric systems [20,21] for surface topography
characterisation.
ToF-SIMS depth proﬁling has been used to analyse biomedically rel-
evant thin ﬁlms [17,19] to elucidate the spatial distribution of various
constituents within such systems through the bulk of the sample. Due
to the topography encountered with microsphere structure and the
artefacts this can induce in ToF-SIMS data, this has not been as widely
applied to the study of this type of structure. This is especially true for
dual beam depth proﬁling whereby the sputter and analysis beams
are often mounted 180° from one another (when viewed vertically
above the microsphere) with each ion beam at a 45° elevation. Dual
beam depth proﬁling therefore necessitates sample stage rotation and
realignment of the sample stage between cycles of sputtering and
analysis, in order to have both the sputter and analysis beam focussed
on the same analysis region of the microsphere.
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isation of pharmaceutical microsphere systems as the distribution of
drug within the microsphere will signiﬁcantly inﬂuence the release
characteristics. Confocal Raman microscopy whereby a plane within
a transparent sample is focussed on, and Raman spectra mapped for
that focal plane providing a ~1 μm depth resolution was used for
non-destructive bulk characterisation. It has been used in conjunction
with ToF-SIMS of sectioned microspheres in this work in order to
characterise the bulk distribution of the protein and the polymer.
The results of this characterisation should allow for the distribution
of constituent chemistries to be related back to the production pro-
cess. Raman mapping has previously been applied to pharmaceutical
systems including drug loaded polymeric microspheres [22,23], thin
polymer ﬁlms [18,19,24,25] and tablet compound identiﬁcation [26],
speciﬁcally using multivariate methods of analysis [27–29].
The use of these techniques (see Fig. 1) in combination allows for
a 3D microscale characterisation of the drug delivery formulation and
serves to illustrate the complementary use of surface analytical tech-
niques for full characterisation of a PLGA microsphere drug delivery
system. A double emulsion solvent evaporation process was used to
produce the microspheres used in this study but any method of pro-
duction is suitable for this approach. The protein lysozyme was used
as a model protein therapeutic for release from the PLGA micro-
spheres. This model was produced and characterised for fabricated
microspheres that may be incorporated within a tissue engineering
scaffold for bone repair providing, mechanical support at the site of
non-uniﬁed bone fractures [30,31]. Microspheres embedded within
such a scaffold system have been shown to release therapeutic pro-
teins, such as BMP2 to stimulate osteogenesis [32]. As the scaffold
and microspheres degrade the protein therapeutic having stimulated
bone repair will gradually transfer the load on the fracture from the
scaffold to the new bone. It is hence crucial to characterise the com-
position of the protein loaded polymer microspheres to understand
their performance in such a complex scaffold therapeutic system.
2. Materials and methods
Custom polymerised PLGA (56 kDa) was obtained from Lakeshore
Biomaterials (Birmingham, Alabama, USA) consisting of 85:15 of DL-
lactic acid and glycolic acid respectively. Polyvinyl alcohol (87–89%AFM
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Fig. 1. Schematic diagram of analytical methhydrolysed) (PVA) and hen egg white lysozyme were purchased
from Sigma Aldrich (Dorset, UK). The microspheres were produced
using a water in oil in water double emulsion method containing
1.5%, 3%, 5% and 10% lysozyme as described in previous work [33,34].
ToF-SIMS data was acquired using a ToF-SIMS IV (ION-TOF GmbH,
Munster, Germany) described elsewhere [35]. The samples were
loaded by sprinkling on double sided tape attached to aluminium
blocks afﬁxed into the ToF-SIMS stage. For imaging studies 25 keV
Bi3+ primary ions were used for analysis using a 256×256 pixel raster
while ensuring the total ion ﬂuence did not exceed the static limit. For
surface sputtering the SIMS stage was rotated after acquisition using
Bi3+ using the Eucentric capability of the Escosy stage control program
(Raith, Dortmund, Germany), 10 keV C602+ primary ions were used to
sputter a 1 mm area for 28 s then the stage was rotated again for anal-
ysis of the sputtered surface, this process was repeated four times.
Microspheres were sectioned for ToF-SIMS analysis at Molecular Pro-
ﬁles Ltd. This was achieved using a Power Tome XL ultramicrotome
(RMC, Boekeler Instruments, Tuscon, AZ) equipped with a diamond
knife (DiATOME, Agar Scientiﬁc, Essex, UK). Microspheres were
deposited on the surface of a light curable resin (Vitralit®, Eurobond
Adhesives Ltd, Kent, UK), the resin was then cured immediately to
prevent migration of resin into the microspheres.
Raman spectra were acquired using a WITec CRM200 (WITec
Instruments Corp. Ulm, Germany) equipped with a 532 nm laser
source, with the laser line suppressed by an edge ﬁlter. This laser ex-
citation source was focused using a 100× objective and the scattered
light was collected using the same objective in an 180° backscatter
regime. The Stokes shifted Raman scatter was dispersed using a
600 grooves/mm grating onto a Charged Coupled Device (CCD),
providing a spectral resolution of ~8 cm−1.
Raman maps were acquired from between 20 and 30 μm beneath
the sample surface at intervals of 1 μm. Each Raman map was ac-
quired over an area of 40 μm×40 μm and constructed using a serial
mapping process. This involves the acquisition of spectra at deﬁned
points within an array using a CCD, and provides lateral and depth
resolution of ~1 μm. The spectra were not subjected to any spectral
corrections to correct for aberrations or artefacts; however, the inher-
ent signal from thermal noise was subtracted from each spectrum.
AFM was undertaken using a Veeco MultiMode AFM (Cambridge,
UK), Quantitative Nanomechanical property Mapping (QNM) modeToF-SIMS
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ods applied to the microsphere samples.
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technique, as it allows for properties such as the Young's modulus
(DMTmodel), adhesion and deformation to be measured while imag-
ing at high resolution. An 8 μm area at the top of the microspheres
were analysed before and after sputtering with C602+ primary ions.
JEOL JSM-6060LV scanning electron microscope (JEOL Ltd., Tokyo,
Japan) was used, an acceleration voltage of 10 keV was used with no
visible damage inﬂicted to the microsphere surfaces observed. Micro-
spheres were prepared by sprinkling onto an adhesive carbon tab
(12 mm wide) attached to an aluminum SEM stub (both from Agar
Scientiﬁc, Essex, UK) which was then gently tapped on a piece of
clean aluminum foil on a work bench to remove excess microspheres
before being loaded into a Leica EM SCD050 gold coater (Leica Micro-
systems GmbH,Wetzlar, Germany) where they were coated for 2 min
at 13 mA.
3. Results and discussion
SEM was employed to gain an understanding of the size distribu-
tion and surface topography of the lysozyme-PLGA microspheres
(Fig. 2). The majority of microspheres appear smooth and spherical
with their size varying between 30 and 150 μm in diameter, as
shown in Fig. 2a. Fig. 2b shows at greater magniﬁcation the surface
structure of some microspheres. We note pores at the surface of
these microspheres ranging between 2 and 11 μm in size with a
ring‐like shallow depression morphology around some pores. Some
circular, pitted surface structures were also found at the surface in
the absence of a visible pore. There is no evidence of protein aggre-
gates on the surface of the microspheres from SEM analysis [36].
The range of the particle size distribution was as expected from
the process of w/o/w production of the microspheres [34] where a
normal distribution of particle size is often observed. The surface
pores observed are likely to be formed during the inversion stage of
the microemulsion where the PVA water phase (which contains the
protein) is encapsulated within the PLGA oil phase. Those water drop-
lets that were not fully encapsulated and are at, or near the interface
of the PLGA-rich oil droplets would be expected to produce the
surface pores. The origin of the circular depressed surface features isCircular depressed 
surface features
a
b
Fig. 2. SEM analysis of w/o/w lysozyme‐PLGA microspheres.unknown but many such features as highlighted in Fig. 2b appear to
be near to surface pores, suggesting that they may represent depres-
sions formed by particularly thin wall sections.
An example of a negative ion ToF-SIMS spectrum of the PLGA lyso-
zyme microspheres is shown in Fig. 3. After careful review of the ToF-
SIMS analysis of the individual surfactant, polymer and protein con-
trols and literature, diagnostic ions of each of the three components
of the formulation may be distinguished in the ToF-SIMS analysis of
the microspheres in Fig. 3. Peaks observed at m/z 71 and 73, and m/
z 87 and 89 correspond to [M±H]− and [M+O±H]− respectively,
where M is the repeat unit of LA monomer (C3H4O2) of the PLGA co-
polymer [37]. The base peak (most prominent) of the spectrum at m/
z 59 is diagnostic of PVA and corresponds to the acetate anion
CH3COO− which has previously been used as a diagnostic peak in a
PLGA/ PVA system [15]. The high intensity of the acetate anion is de-
rived from the unhydrolysed vinyl acetate monomers within the 87%
hydrolysed PVA used is this study. For the lysozyme, the diagnostic
peaks of CN− and CNO− at m/z 26 and 42 derived from the peptide
sequence were selected as these can only arise from the protein in
this formulation. In addition, multivariate curve resolution (data not
shown) highlighted these peaks as being statistically signiﬁcant and
related speciﬁcally to the protein structure. The peaks selected were
sufﬁciently intense to allow for the reconstruction of the spectra
into an image format.
Using the diagnostic ions highlighted above, the ToF-SIMS spectra
were reconstructed as images to characterise the distribution of the
PLGA, PVA and lysozyme at the surface of the microspheres. Fig. 4
shows a ToF-SIMS image including a number of microspheres. Focus-
ing on the main microsphere at the centre of the image, the ToF-SIMS
image for PLGA is not continuous over the microsphere surface
(Fig. 4a) indicating a discontinuous layer of PVA as illustrated in
Fig. 4b where discrete features as small as 700 nm in diameter may
be distinguished. The thickness of the PVA masks the underlying
PLGA indicating that it is greater than the sampling depth of the
ToF-SIMS of circa 1 nm under the static conditions employed in the
ToF-SIMS analysis. Many of the features within the PVA ﬁlm are circu-
lar and ring-like with many discrete isolated islands of the surfactant
on the surface of the microsphere. Similar features are seen on the
surface of the other smaller microspheres within Fig. 4b. At the apex
of the central microsphere in Fig. 4, we observe a surface pore
which is surrounded by an intense circular ring enriched in protein
(Fig. 4c). Again, the thickness of this overlayer appears to be greater
than 1 nm as no PLGA is detected in this region although there is ev-
idence of the presence of PVA, particular on the outer portion of the
ring structure and also as a discrete intense feature at the bottom
lip of the pore. There is also lower intensity protein signals detected
and associated with the PVA surfactant discontinuous layer (particu-
larly visible in the lower left hand side of the main microparticle and
also on other microparticle surfaces in Fig. 4c) but not on the bare
PLGA surface. The overlay of all these three image sets in Fig. 4d clear-
ly demonstrates the ability of ToF-SIMS to discriminate the different
chemistries and their complex organisation on the microparticle
surfaces. The original ToF-SIMS images from the instrument include
a y-scale correction to account for the projection of the ion beam at
an angle onto a planar sample. In these images, that modiﬁcation is
removed to accurately represent the dimensions of the particles as
viewed from the ion source [38]. Thus, individual particles are accu-
rately portrayed, but the distance between particles is compressed
in the y direction.
Further representative ToF-SIMS images of microspheres ranging
in size from 47 to 169 μm in diameter are demonstrated in Fig. 4e.
All microspheres analysed again show a patchy discontinuous surfac-
tant ﬁlm at the surface of the microspheres and also the degree of
coverage appears to be comparable between microspheres analysed.
The surface lysozyme is again found primarily as highly intense circu-
lar ring-like structures surrounding near-surface pores.
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Fig. 3. Negative ToF-SIMS spectrum of the surface of PLGA lysozyme microspheres from a mass of 0 to 100, peaks used in the subsequent analysis are annotated (bracketed number
indicates the number of unique ions used to represent each constituent).
324 A. Rafati et al. / Journal of Controlled Release 162 (2012) 321–329ToF-SIMS sputtering and AFM analysis were applied to the surface
of the microspheres in order to rationalise the thickness of the surfac-
tant layer presented in Fig. 5. Fig. 5 a–d shows the surface of a micro-
sphere which has been exposed to increasing sputtering with C602+
primary ions. The central microsphere focussed on measures
172 μm in diameter and is shown before sputtering in Fig. 5a. Two
pores are clearly visible at the surface in addition to ﬁssures, one
pore appears empty and one rich in lysozyme. The characteristic dis-
continuous PVA layer is present at the surface and a diffuse distribu-
tion of lysozyme in regions rich with PVA is also observed, further
suggesting a relationship between the spread of PVA and lysozyme
at the surface. After the initial 28 s of sputtering shown in Fig. 5b, it
is apparent the PVA surfactant layer is being eroded and is extremely
thin, with much of it being removed from the right side of the image
where sputtering is most affective revealing the PLGA substrate. The
revealed PLGA surface conﬁrms the presence of PVA as an overlayer
at the surface of the microspheres and not a surface feature of the
PLGA itself. The ion intensity of the diffuse surface lysozyme is also re-
duced and it is gradually apparent on sputtering that the origin of the
surface lysozyme is related to the surface pores present (e.g. see pore
which is labelled in Fig. 5b that was not clearly visible in Fig. 5a). On
further sputtering shown in Fig. 5c and d, the PVA layer is removed
and it is clear that one pore in particular is enriched with protein,
however there is residual low intensity lysozyme signals from within
other surface pores. It should be noted that a combination of spherical
morphology of the microspheres and the primary ion beams being
180° from one another does not allow the sputtering to remove the
PVA and lysozyme from the entire surface of the central microsphere
(see upper top and left edge in Fig. 5). However the microsphere at
the top left of the image has been effectively sputtered, which
highlights topographical effects in ToF-SIMS imaging.
The secondary electron imaging of the ToF-SIMS, shown in Fig. 5e,
illustrates the surface structures visible in the SIMS images and shows
a thin ﬁssure between three surface pores which was analysed with
ToF-SIMS.
AFM images of the top of amicrosphere before and after sputtering
for 100 s are shown in Fig. 5f and g respectively. A thin smooth discon-
tinuous overlayer was observed on all microspheres analysed before
sputtering. Line analysis of the overlayer thickness across all data
obtained showed an average overlayer thickness of 4.5±0.8 nm. We
note that Fig. 5f shows areas with a continuous ﬁlm with the central
region of random shaped island features which appear to have an
equivalent height and form to the larger overlayer. After sputtering
it is conﬁrmed this layer is removed in its entirety and that it is prefer-
entially sputtered leaving the rougher (Rq – 3.01 nm) PLGA visible.In a previous work by Shard et al. on the sputtering of PLA, it was
demonstrated that a C60 ion dose as applied in our work is consistent
with 4 nm of PLA removed per sputtering cycle [39]. While this value
may change depending on the polymeric material examined, it pro-
vides a useful benchmark for organic polymers. Interestingly, the
thickness of 4.5 nm for the PVA layer determined by AFM correlates
well with our sputtering data and also the work of Shard et al. In sum-
mary, the consistency of the overlayer thickness and the thickness of
the smaller islands of discontinuous surfactant observed in Fig. 5f
suggests a 4.5 nm thick PVA monolayer which remains after drying.
A dynamic equilibrium model with PVA adsorbing and leaving the
surface of the microspheres in the aqueous phase could explain the
patchy morphology observed in the resultant microspheres [40].
Confocal Raman mapping was applied as a correlative technique
for the ToF-SIMS analysis to provide a 3D understanding of the orga-
nisation of components across the surface and also within the bulk of
the microspheres shown in Fig. 6. Confocal Raman analysis is feasible
in this case due to the relative optical transparency of PLA. The confo-
cal Raman map acquired from a single x–y plane in Fig. 6a shows the
presence of pores ranging in size within the bulk of the microsphere.
These are represented typically as black (indicating void space) or red
(indicating lysozyme) spherical areas within the PLGA microsphere
which is represented in green. These pores appear to range from 2
to 16 μm in diameter. The larger pores shown in Fig. 6a and b appear
to be largely devoid of material within their centres. Conversely the
smaller pore features at around 2 μm are ﬁlled with protein that con-
sistently measure approximately 2 μm in diameter. This image is typ-
ical of all the microsphere structure observed. Such pores are formed
during the inversion step of the double emulsion production method,
however, the heterogeneous sizing, and distribution of protein within
the pores suggests a complex mechanism is responsible for the distri-
bution of components in the w/o/w system as shown by confocal
Raman [41]. A protein coating is found adsorbed to the oil phase
PLGA interface within some of the large pores. The thickness of this
layer is variable as well as is the coverage. Fig. 6b provides an interpo-
lated 3D representation generated using confocal Raman maps taken
at 1 μm intervals in the z-axis and the 1 μm depth resolution allows
for mathematical interpolation. This representation shows the pro-
tein distribution around a large pore which contains a signiﬁcant con-
centration of protein adsorbed to the PLGA interface. We note that the
small pores are found in close proximity to the larger pores. The im-
ages in Fig. 6a were created using ‘Basis Analysis’ [42] a multivariate
approach whereby the spectra at each pixel are ﬁt as a linear combi-
nation of ‘basic’ input spectra, in this case pure component spectra
extracted from the images themselves shown in Fig. 6c.
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Fig. 4. ToF-SIMS imaging of the surface of a microsphere measuring 149 μm in diameter showing the secondary ion image generated from the diagnostic anions identiﬁed within the
ToF-SIMS spectra, for a) PLGA (m/z 71/73 and 87/89), b) PVA (m/z 59), c) lysozyme (m/z 26 and 42) and d) an overlay showing PLGA (green), PVA (blue) and lysozyme (red).
e) ToF-SIMS surface analysis of a range of w/o/w microspheres in overlay.
325A. Rafati et al. / Journal of Controlled Release 162 (2012) 321–329ToF-SIMS analysis of sectioned microspheres was undertaken to
resolve the chemistry of the bulk of the microspheres (Fig. 7).
Fig. 7c shows an overlay of lysozyme (red), PLGA (green) and PVA
distribution (blue) in this cross section. We note pore features rang-
ing in size from 2 μm to 18 μm in diameter which is comparable
with the values determined by the confocal Raman analysis. Natural-
ly, the maximum diameter of any pore feature may lie above or below
the point of the cross section but both the confocal Raman and ToF-
SIMS data illustrate the diversity in size and composition of the
pores. When comparing Fig. 7a and b, lysozyme is clearly evident in
some pores within the microsphere bulk. Again, it is present as
dense cluster of protein in the smaller pore features and it appearsto cover the surface interface with the PLGA in some of the larger
pores. The PVA visible as noted in Fig. 7c in one pore found in the bot-
tom right of the image was a rare occurrence in our data suggesting
that PVA does not remain in the bulk at signiﬁcant a concentration.
Alternatively a thin PVA layer could be stabilising the pores within
the microsphere but due to the limitation of cross sectional analysis
with ToF-SIMS imaging this layer may be difﬁcult to observe.
ToF-SIMS cross-sectional analysis shows that many pores
contain a large amount of lysozyme due to producing a 2D chemical
representation of the 3D sample, in a way superimposing all protein
within the depth of the pore. Confocal Raman analysis however con-
ﬁrms what is being imaged in the large pores is protein at the pore
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Fig. 6. a) A confocal Raman map indicating PLGA as green and lysozyme as red, showing large porous void spaces and protein adsorbed to the wall of the pore and small protein rich
deposits measuring ~2 μm in diameter. b) An interpolated 3D representation of the protein distribution within a 40×40×10 μm volume of a microsphere showing from 20 μm into
the microsphere surface (top of image) to 30 μm (bottom of image) of the microsphere bulk. c) Raman spectra between 3600 and 400 cm−1 of lysozyme (red) and PLGA (green)
extracted from the chemical maps and typical of the input spectra used to generate images such as that shown in Fig. 6a.
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the high surface speciﬁcity and resolution of ToF-SIMS and the under-
standing of the 3D distribution of constituents achieved with confocal
Raman mapping.
Our comprehensive analysis of the PLGA lysozyme system illus-
trates the potential for understanding the distribution of the protein
and surfactant within the complex architecture of the microparticles
formed from a multiple emulsion system. The visualisation of the sur-
factant layer on the surface of the microparticles is particularly nota-
ble. The ability of ToF-SIMS to detect the surfactant on a microparticle
surface is dependent on the presence of intense diagnostic ion (at m/z
59) in the spectrumwhich is attributable only to the PVA. Present as aa b50 µm
Fig. 7. ToF-SIMS of a sectioned microsphere showing a) lysozyme (CNO−), b) PLGA (C3H3O2−
and PVA (C2H3O2− blue).discrete but laterally incomplete layer, ToF-SIMS and AFM were able
to chemically and physically visualize respectively the integrity and
pattern of the surfactant across the surface of the particles. The
PLGA particles are formed in an excess of PVA and hence the
detection of a complete homogenous PVA surface layer was initially
expected. An effective PVA coating would be required to stabilize
the microparticle formulation in solution and on evaporation of the
organic solvent. Indeed, the surfactant concentration optimisation
has an important role in reducing the diameter of the resulting micro-
spheres through stabilisation of the emulsion droplets, reducing the
occurrence of coalescence and allowing for a greater number of
droplets to be encapsulated. A possible explanation of the incompletec50 µm 50 µm
,C3H5O2−, C3H3O3− & C3H5O3−), and c) an overlay showing lysozyme (red), PLGA (green)
328 A. Rafati et al. / Journal of Controlled Release 162 (2012) 321–329lateral PVA coverage on the microparticle surface may be due to the
contraction of the ﬁlm during the rinsing and drying process, leaving
an incomplete PVA layer of surprisingly uniform thickness.
Our studies show that the protein on the surface of the micropar-
ticles is organised in a number of ways: ﬁrstly, the majority of the
surface protein appears to be densely clustered around features that
are associated with sub-surface protein ﬁlled pores that intersect
the outer surface of the microparticles. This suggests incomplete en-
capsulation of the protein rich water droplets in the particle forma-
tion process. Secondly, there is evidence for the presence of protein
dispersed within the surfactant ﬁlm layer itself. The mechanism
responsible for this may be related to the ionic interaction between
the protein and PVA in addition to surface segregation often observed
with proteins on biomaterials [43]. This work represents the ﬁrst
example where the spatial location of the protein, surfactant and
the polymer substrate in the ToF-SIMS images of the microparticle
surfaces has been demonstrated.
With regard to the bulk distribution of the protein within the mi-
croparticles, confocal Raman analysis of the intact particles and the
ToF-SIMS imaging of the microtomed particles conﬁrm that lysozyme
is located in the pores formed by the evaporation of water from the
aqueous droplets dispersed within the PLA rich organic phase. The
wide size distribution of these pores suggests incomplete stabilisation
of the water droplets by the PVA surfactant, the larger ones potentially
being formed via coalescence of the droplets during the removal of sol-
vent during the particle production process. The internal contents of
microemulsion droplets are known to diffuse and undergo collisions.
If these collisions are sufﬁciently energetic the surfactant ﬁlm may
rupture causing droplet exchange which may explain the size distribu-
tion [44]. Both the Raman and ToF-SIMS analysis show the presence of a
population of smaller pores (2–5 μm) which are protein rich dispersed
throughout the microparticles. In contrast, protein only coats the
inner surface of the larger pores (up to 20 μm) leaving the majority of
the volume unoccupied. The mechanism for the formation of such
void spaces is unclear in the latter case but the potential coalescence
of protein rich water droplets during the particle production may play
a role as the subsequent removal of water at the droplet interface
would promote the transport of the protein with this solvent front to
the surface of the pore. Due to the charged domains found on proteins,
ionic interactions with the negatively charged PVA may explain the
crucial nature of protein and PVA interaction in the distribution of pro-
tein throughout the microspheres [45]. Surface segregation will also be
inﬂuenced by the hydrophobic effect which inﬂuences lysozyme aggre-
gation and folding in aqueous environments due to all non-covalent
bonding being affected by the folding of protein in solution [46]. Our
analysis has revealed a complex and heterogeneous organisation of
protein distribution within the microparticle bulk that may have an
impact on the mechanism and kinetics of release of the protein from
such systems [43].
4. Conclusions
Partially porous protein loaded microspheres for use as controlled
drug delivery biomaterials have had their surface and bulk scrutinised
with complimentary analytical techniques. For the ﬁrst time we
have shown the ability to spatially image surfactant PVA and protein
adsorbed to the surface of microspheres using ToF-SIMS imaging. The
surfactant layer has a thickness of circa 4 nm and can be removed
under ToF-SIMS sputtering studies which is conﬁrmed by AFM. The
ability to spatially map the surface and bulk microparticles prepared
by the double emulsion approach has revealed that distribution
of the lysozyme to be complex and heterogeneous. We believe the
combined approach of using the analytical techniques of ToF-SIMS
(imaging and sputtering), confocal Raman, AFM and other compli-
mentary methodologies provides a powerful toolset for the study
of the spatial chemical distribution of biomolecules and excipientssuch as surfactants within controlled release formulations, for instance
microparticles. They have been shown to be highly complementary
techniques for the characterisation of controlled release injectables
and by association, implantable formulations, increasing our under-
standing of inﬂuence of the fabrication process and formulation compo-
sition on the properties of the resulting delivery systems.
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